ABSTRACT
INTRoDuCTIoN
Coating of hard metal cutting tools with CVD (Chemical Vapor Deposition) diamond lms has been the focus of much research in academia as well as industry. Such coatings can signi cantly prolong the durability of coated tools. erefore they are of key importance in the elds of high speed cutting, dry machining or machining of special materials (1) . Apart from these advantages, a problem is the poor adhesion of diamond coatings to hard metals, like WC-Co, due to the Co-binder that catalyzes the formation of graphite (2) (3) (4) . Some methods have been developed to overcome this problem, two can be highlighted: (i) application of intermediate layers to act as a cobalt barrier and (ii) chemical pretreatment of the hard metal substrate in order to reduce the cobalt concentration on the surface to be coated (2) . It has been reported that the introduction of intermediate layers results in lower diamond nucleation rates and lower growth rates while that the use of chemical pretreatment is simple, cheap, e cient and more suitable for batch production (3) (4) . In this work, a pretreatment of WC-9wt.% Co substrates based on two-step chemical etching (Murakami solution and aqua regia) followed by seeding with diamond nanoparticles was used to enable the study of CVD diamond nucleation and growth.
e contributions of this study to the literature include: 1. A detailed characterization of the WC-9 wt.%Co substrate.
e majority of studies about adhesion of diamond coating to WC-Co tools has been concentrated on substrates with low Co concentration (3 or 6 wt. %). However, due to their higher strength and better ductility, WC-Co tools with high Co concentration (> 6wt.%) are required for di cult-to-cut material machining. 2. Reduction of the etching time in Murakami solution.
Usually, this etching step is performed at least 30 min. Here it will be shown that 10 min are su cient to attack the WC grains from the substrate surface and expose the cobalt to be removed during the second etching step using aqua regia. 3. Evaluation of the diamond coating adhesion after indentation test under a load of 150 kgf. Generally, the indentation tests are performed with a load of 60 or 100 kgf.
eXPeRImeNTAL PRoCeDuRe
Substrate preparation WC-Co disks (91% WC and 9% Co composition, 9 mm in diameter and 3 mm thick) commercially available were used as substrates. After the surface polishing procedures, these substrates were chemically pretreated by two etching steps. First, it was used a Murakami solution (K 3 (Fe(CN) 6 ) + KOH + H 2 0) for 10 minutes in an ultrasonic bath to etch the WC phase from the cemented carbide. The second etching step was performed using solution of aqua regia (HNO 3 / HCl = 1:3) for 5 minutes to remove the cobalt from the surface. After each etching step, the substrates were rinsed with pure water. Prior to CVD diamond deposition, the substrates were characterized by FEG-SEM (field emission gun-scanning electron microscopy) with integrated EDS (Energy-dispersive X-ray spectroscopy) analysis in order to detect the cobalt concentration on the surface. Subsequently, the etched substrates were seeded in water slurry containing 4 nm diamond nanoparticles dispersed by PSS (sodium4-styrenesulfonate) polymer. More details about this process can be found in another publication (5) .
CVD diamond deposition
Diamond lm was deposited onto seeded WC-Co substrate in a conventional hot-lament system using a gas mixture of 2.0% methane (CH 4 ) and 98% hydrogen (H 2 ). e total ow rate was 100 sccm and the pressure inside the reactor was kept at 50 Torr.
e substrate was placed at 7 mm from ve tungsten laments each one with 0.125 mm in diameter and 100 mm long. Table 1 summarizes the deposition parameters. Under these conditions, it was obtained a deposition rate of 1 µm/h. 
Characterization tests
Raman measurements of the CVD diamond lm were performed using a Renishaw system 2000 Raman Spectrometer.
e spectra were recorded in backscattering con guration at room temperature employing Ar + ion laser (λ=514 nm). e spectrometer was calibrated to the 1332 cm -1 band of natural diamond. e morphology and composition of the samples were examined with a scanning electron microscope (FE-SEM, Tescan Mira 3 FEG) coupled with Energy-dispersive X-ray spectroscopy (EDS or EDX). Surface roughness studies were done by an atomic force microscope (AFM) Veeco multimode. In order to evaluate the adhesion level of the CVD diamond coating, indentation tests using a diamond stylus Rockwell C with a conical diamond indenter (120 o cone angle and 0.2 mm tip radius) were performed. e samples were tested by applying a load of 150 kg at the diamond indenter.
Deposition conditions
Distance from filament top the substrate top (mm) 7
Substrate temperature (ºC) 800 
ReSuLTS AND DISCuSSIoN

Characterization of the WC-Co substrate
EDS analysis were performed in order to determine the Co content before and a er pretreatment. Figure 1 shows the EDS mapping of the as-polished WC-Co substrate. Note in Fig. 1a that the Co binder is uniformly distributed on the substrate surface. Furthermore, as expected, W is the main constituent (Fig. 1a, b) .
e EDS spectra of as-polished and pretreated WC-Co substrates are shown in Fig. 2 .
Observing the data depicted in both graphics can be clearly seen that the substrate pretreatment was e cient reducing cobalt content to less than 1.0%.
In Fig. 3 , it can be observed a signi cant change in surface morphology of the pretreated WC-Co substrate with respect to as-polished substrate. is occurs because the etching steps led to the corrugation of the WC-Co substrate surface. e mechanism is the following: (i) during the Murakami etching, WC particles are dissolved, leaving behind the Co network from the binder phase and (ii) in the second etching step, the Co binder phase is attacked by aqua regia and the Co is removed from the surface (6) .
Seeded WC-Co substrate
As can be seen in AFM images shown in Fig. 4 , the seeding process with diamond nanoparticles promoted an increase in the substrate surface roughness. e average roughness, R a , of etched WC-Co substrate was 19.3 nm whereas the seeded substrate exhibited R a of 46.5 nm. is increase in surface roughness is crucial to increase the interface contact area and improve the diamond lm nucleation, hence speeding up the formation of a continuous lm which enhances the adhesion between the CVD diamond lm and the WC-Co substrate (7) . Figure 5 shows the FEG-SEM image of the seeded substrate.
Characterization of the CVD Diamond film
FEG-SEM image of the CVD diamond film grown on seeded WC-Co substrate is shown in Fig. 6a . The film is dense and continuous besides it is relatively uniform with crystal size of the order of 1 µm. Fig. 6b shows the AFM image of the same sample, depicting surface roughness of the diamond film. This microcrystalline diamond film has an average roughness of 48.9 nm.
e chemical quality of as-deposited CVD diamond lm was evaluated by Raman spectroscopy. e Raman spectrum of the sample is shown in Fig. 7 . It can be noted an evident diamond peak at 1340 cm -1 and a broadband centered around 1560 cm -1 , which is attributed to disordered graphitic carbons. e residual stress of CVD diamond lm can be estimated from Raman spectra using the following equation (8) : From Raman spectrum shown in Fig.7 , it was obtained a diamond lm with a compressive stress of -4.7 GPa. It is known that a low residual stress of the coating, in the range of -2 GPa to -5 GPa, is one of the requirements for an good adhesion to the substrate.
Indentation test
e adhesion of the CVD diamond coating to WC-Co substrate was investigated by Rockwell C indentation test which is based on six levels of adhesion depending on the damages of the coating adjacent to the indentation boundary: HF1 to HF4 indicate adequate adhesion and no evident spallation around the boundary whereas HF5 and HF6 indicate severe delamination, i.e., inadequate adhesion between coating and substrate (9) . Although the WC-Co pretreatment has been e ective and the CVD diamond lm has exhibited good chemical and morphological properties, the delamination observed in Fig.8b indicates that more studies are necessary in order to achieve a better adhesion between lm substrate. One way is reducing the residual stress of the diamond coating increasing the nucleation rate. is can be achieved by improving the seeding and/or using bias assisted hot-lament CVD technique (10) .
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